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Althoughmemory T cells respondmore vigorously to
stimulation and they are more sensitive to low doses
of antigen than naive T cells, the molecular basis of
this increased sensitivity remains unclear. We have
previously shown that the T cell receptor (TCR) exists
as different-sized oligomers on the surface of resting
T cells and that large oligomers are preferentially
activated in response to low antigen doses. Through
biochemistry and electron microscopy, we now
showed that previously stimulated and memory
T cells have more and larger TCR oligomers at the
cell surface than their naive counterparts. Reconsti-
tution of cells and mice with a point mutant of the
CD3z subunit, which impairs TCR oligomer forma-
tion, demonstrated that the increased size of TCR
oligomers was directly responsible for the increased
sensitivity of antigen-experienced T cells. Thus,
we propose that an ‘‘avidity maturation’’ mechanism
underlies T cell antigenic memory.
INTRODUCTION
The acquired immune system provides its host with ‘‘antigenic
memory,’’ permitting a faster and stronger response when reen-
countering specific pathogens. At the population level, this anti-
genic memory is due to an increase in the size of T cell precursor
population (Askonas et al., 1982) and preferential growth of
higher-affinity T cell clones that will form the memory T cell
pool (Busch and Pamer, 1999; Malherbe et al., 2004; Zehn
et al., 2009). At the cellular level, memory T cells convert more
rapidly into effector T cells and produce larger amounts of
effector molecules (Bachmann et al., 1999; Bruno et al., 1995;
Cho et al., 1999; Veiga-Fernandes et al., 2000; ZimmermannImet al., 1999). Moreover, previously stimulated and memory
T cells (‘‘antigen-experienced’’ T cells) are more sensitive to
stimulation via their T cell receptor (TCR) than naive T cells.
This is manifested by their relative independence of costimula-
tory signals (Croft et al., 1994; London et al., 2000) and by the
reduction in the amount of antigen needed to give rise to T cell
activation (Ericsson et al., 1996; Kimachi et al., 1997; London
et al., 2000; Pihlgren et al., 1996; Rogers et al., 2000; Slifka
and Whitton, 2001). In contrast to B cells, the increase in sensi-
tivity of antigen-experienced T cells is unlikely to be due to an
increase in the affinity of their TCR for the specific peptide-
MHC (MHCp) ligands, given that rearranged TCRs have not
been found to undergo somatic hypermutation. Instead, other
molecular changes must be at play.
Lasting changes in the organization of the TCR complexes
may be related to the behavior of antigen-experienced T cells.
We have shown by biochemical and electron microscopy (EM)-
based approaches that the TCR on the surface of human and
mouse T cell lines is expressed as a combination of oligomers
of different sizes and monomeric TCR complexes (Schamel
et al., 2005). The presence of these TCR oligomers is indepen-
dent of antigenic stimulation and/or contact with an antigen-
presenting cell (APC), making them distinct from the TCR micro-
clusters and immunological synapses (Yokosuka and Saito,
2010). Importantly, we provided evidence that the large TCR
oligomers are preferentially phosphorylated during encounters
with small amounts of antigen, suggesting that the large TCR
oligomers are responsible for the exquisite sensitivity of T cells
(Schamel et al., 2005).
Here, we show that primary antigen-experienced T cells have
larger TCR oligomers on their cell surface than naive T cells and
that this was correlated with increased antigen sensitivity.
Furthermore, we described a mutation in the transmembrane
domain of the CD3z chain that impaired the formation of TCR
oligomers and that reduced sensitivity to antigen stimulation.
This finding provides direct evidence for the importance of
oligomeric TCR complexes in the sensitivity to antigen. Finally,munity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc. 375
Figure 1. Distribution of TCRs on T lymphoblasts and Resting Human T Cells
(A) On the top are small field images (10,0003) showing the distribution of gold particles in cell-surface replicas of anti-CD3ε-labeled cells (the scale bar
represents 50 nm); shown on the bottom, quantification (mean ± SD) of gold particles in clusters of the indicated sizes for resting T cells (gray bars) and
T lymphoblasts (black bars). The insets show the distribution between clusters of one, two, three, four or more than four particles and statistical analysis
(one-tailed Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.001). Data for 19 lymphoblasts (9414 particles) and 9 resting T cells (2707 particles) are represented.
Chi-square analysis of the distribution in both cell populations, grouping the clusters into groups of 1, 2, 3, 4, 5–7, 8–10, and 11 or more gold particles per cluster,
showed significant difference (p < 0.0005). See also Figures S1 and S2.
(B) The same experiment as in (A) was performedwith the TCR-b-specific Jovi-1 antibody. Quantification of 10 lymphoblasts (9401 particles) and 12 resting T cells
(4226 particles) is shown; chi-square analysis as in Figure 1A; p < 0.0005.
(C) Comparison of TCR oligomer sizes in resting T cells and day 9 T lymphoblasts via BN-PAGE and anti-CD3z immunoblotting. The marker protein is ferritin
(f1, 440 and f2, 880 kDa forms).
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Avidity Maturation in T Cellsby reconstituting bone marrow precursors from Cd3z/ mice
with either wild-type or mutant CD3z, we showed that oligomeric
TCR complexes on primary T cells were critical for the increase in
sensitivity of antigen-experienced T cells and for a memory T cell
response.
RESULTS
Larger Oligomeric TCR Complexes on Previously
Stimulated Human T Cells
We assessed whether the stimulation of primary T cells had
a lasting effect on the size of the TCR complexes. Fresh human
peripheral blood T lymphocytes and peripheral blood T lympho-
blasts, generated upon stimulation for 2 days with PHA and then
expanded for 5more days inmedium containing IL-2 andwithout
PHA, were fixed and labeled with antibodies specific for CD3ε or
TCR-b and 10 nm gold-conjugated protein A. Subsequently cell-
surface replicas were prepared and the number and size of the
gold clusters present on the replicas of individual cells was
determined by EM. Single gold particles and clusters of gold
particles coexisted on the surface of both resting T cells and T
lymphoblasts (Figure 1A and 1B; see Figures S1 and S2 available
online for representative whole-cell replica images). However,
quantification of the gold particles indicated that the T lympho-
blasts had more and bigger TCR oligomers than freshly isolated
resting T cells (Figures 1A and 1B).
Because staining efficiency in these experiments only reached
10%, the frequency and size of oligomeric TCRs detected by
immuno-gold EM might be underestimated. To overcome this
limitation, we analyzed the size distribution of the TCR by Blue
Native polyacrylamide gel electrophoresis (BN-PAGE). When
extracted with the mild detergent Brij96, TCR oligomers are
kept intact and can be separated in accordance with their
size (Schamel et al., 2005). T cells were purified from a healthy
human donor, and an aliquot was frozen. The remaining cells
were stimulated with PHA, expanded in IL2, and frozen on day 9.
Membrane fractions were prepared from both populations, lysed
in Brij96, and subjected to BN-PAGE and immunoblotting
(Figures 1C and 1D). In both T cell populations monomeric
TCR complexes with an abεdεgzz stoichiometry (Schamel
et al., 2005; Swamy et al., 2007) were seen just below the
f1 marker, as well as oligomeric complexes, resolved as a
continuum of molecular sizes starting between the f1 and f2
marker. However, there was a clear increase in the ratio of olig-
omeric to monomeric TCRs in T lymphoblasts when compared
to resting T cells. This was not due to a mobility shift in the BN
gel caused by PHA binding to TCRs, given that addition of
PHA to the purified TCR before separation by BN-PAGE did
not change the size of the TCR (not shown). Quantification of
the ratio of oligomeric to monomeric TCRs measured by BN-
PAGE at different times after T cell stimulation revealed a gradual
increase in oligomeric TCRs before reaching a maximum after
day 9 (Figure 1D). This slow increase in the TCR oligomer content(D) The identical experiment as in (C) was performed, but aliquots of the stimulate
oligomeric and monomeric TCRs was quantified and plotted as a function of time
from two different donors and that the freshly isolated T cells had different ratios of
the freshly isolated human T cells are a mixture of both naive and memory T cells
after stimulation with PHA. The data shown are representative of at least two ind
Imof T cells further excluded crosslinking effects caused by the
lectin stimulus that would be expected to occur within minutes
or hours. Together, these experiments indicated that a lasting
change in distribution of the TCR complexes toward large
preformed TCR oligomers took place in antigen-experienced
T cells several days after T cell stimulation.
TCR Oligomers on Murine Naive and Memory T Cells
We enriched naive andmemory CD4+ T cells from the spleen and
lymph nodes of C57BL/6 mice with a depletion strategy based
on their reciprocal CD62L and CD44 expression (Budd et al.,
1987; Lee and Vitetta, 1991) (Figure 2A). The size of the CD4+
CD44hiCD62Llo T cells was similar to the size of the naive CD4+
CD44loCD62Lhi T cells (Figure 2A, right panel), strongly suggest-
ing that they were resting memory T cells and not recently
activated CD44hi T cells. Both T cell populations were fixed
and labeled with the anti-CD3 (mAb 145-2C11) and gold-conju-
gated protein A. Analysis of cell surface replicas of these cells by
EM showed an increase in the percentage of gold particles
forming part of large oligomeric clusters on the memory T cell
population (Figures 2B and 2C). Thus, enrichment for more
and larger oligomeric TCR complexes also occurred in vivo in
polyclonal CD4+ memory T cells formed by encounter with their
physiological antigens.
Enrichment for Oligomeric TCRs Correlates with Higher
Antigen Sensitivity
We then analyzed murine CD8+, OT-1 TCR-transgenic (OT-1)
T cells, specific for an ovalbumin-derived peptide (OVAp) bound
to the H-2Kb molecule (Hogquist et al., 1994), which allowed us
to compare naive and antigen-experienced T cells expressing
identical TCRs. Naive OT-1 T cells, purified from lymph nodes
via depletion of CD4+ T cells and B cells, expressed low to inter-
mediate amounts of CD44 (Figure 3A, left panel). In vitro stimu-
lated and expanded OT-1 T cells were obtained by stimulating
splenic OT-1 T cells with OVAp for 2 days, then washing and
expanding them with IL2 for another 6 days, at which point all
these T cells expressed a high level of CD44 (Figure 3A, right
panel). Gold particles on cell-surface replicas of naive OT-1
T cells stained with anti-CD3ε were mostly present as isolated
particles with only a few, relatively small clusters. Replicas of
antigen-experienced OT-1 cells were enriched in gold clusters
that were also larger (Figures 3B and 3C).
We compared the antigen sensitivity of antigen-experienced
and naive OT-1 T cells. OT-1 T cells from spleen were stimulated
and expanded as above, with the sole exception that IL2 was
withdrawn from the culture the day before the assay. Overnight
stimulation with OVAp of these antigen-experienced cells
increased the expression of CD25 at 1/10 the concentration of
OVAp compared to naive cells, whereas IFN-g production
started at a 1/100 concentration of OVAp compared to naive
OT-1 T cells (Figure 3D). Upon stimulation with a soluble pen-
tameric Kb-OVAp ligand, antigen-experienced OT-1 cells wered cells were taken at various time points during their expansion. The ratio of the
. Note that the T cells for the experiments depicted in (C) and (D) were isolated
monomeric to oligomeric TCR complexes. This ismost likely caused by the fact
, which will differ between donors. However, in both cases this ratio increased
ependent experiments each.
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Figure 2. Incidence of Oligomeric TCR Complexes on Murine
CD62LhiCD44lo and CD44hiCD62Llo CD4+ T Cells
(A) Enrichment of CD62Lhi and CD44hi CD4+ T cell populations. The overlay
plot shows the FSC profiles of the CD62Lhi and CD44hi CD4+ T cells.
(B) High magnification images (100,0003) of cell surface replicas of CD62Lhi
and CD44hi CD4+ T cells labeled with anti-CD3ε (2C11); the scale bar repre-
sents 100 nm.
(C) Quantitative analysis (mean ± SD) of distribution of gold particles between
clusters of the indicated sizes for CD62Lhi (gray bars) and CD44hi (black bars)
CD4+ T cells. The inset shows the statistical analysis as in Figure 1A. Quanti-
fication of five replicas of CD62Lhi cells (2718 particles) and five CD44hi cells
(3198 particles). Chi-square analysis as in Figure 1A; p < 0.0005.
Immunity
Avidity Maturation in T Cells100- to 3000-fold more sensitive, as evidenced by upregulation
of CD69 and the production of IFN-g (Figure 3E). The use of
recombinant pMHC ligands demonstrated that the increased
sensitivity of antigen-experienced T cells was independent of
changes in expression of adhesion molecules.
Finally, we generated OT-1 memory T cells in vivo by cotrans-
ferring naive OT-1 T cells and OVAp-loaded bone marrow-
derived DCs into C57BL/6 Ly5.1 Pep3b recipients. Six weeks
later, a small population of CD8+CD44hiLFA-1hi donor-derived
T cells was evident in the spleen and lymph nodes isolated
from the recipient animals (Figure 4A). The memory OT-1
T cells were more sensitive to stimulation with Kb-OVAp tetra-
mers than the naive OT-1 T cells, as measured by the expression
of CD25 and by IFN-g production (Figure 4B). Given that both
populations expressed equal amounts of the MHC class I
binding co-receptor CD8, this showed that the increased sensi-378 Immunity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc.tivity of the memory OT-1 T cells was directly related to stimula-
tion via the TCR.
The small population of memory T cells in the recipient animals
(Figure 4A) did not allow us to purify enough of these cells to
perform a comparative EM analysis. Therefore, we stimulated
spleen cells obtained from the immunized recipient animals
and from nonmanipulated OT-1 mice with OVAp for 2 days
in vitro and expanded them in the presence of IL-2 for 6 more
days. Comparing the cell-surface replicas of anti-CD3-labeled
cells, in vitro-activated cells derived from memory OT-1 cells
expressed significantly more and larger TCR oligomers than
in vitro-activated cells derived from naive OT-1 cells (Figure 4C).
This suggested that the distribution of TCR complexes on the cell
surface of memory T cells was different from that of naive T cells
before in vitro activation because otherwise no difference in
distribution would be expected. This would also imply that
repeated stimulation with antigen resulted in an additional
increase in oligomeric TCR complexes.
A Critical Role for CD3z in TCR Oligomer Formation
and Antigen Sensitivity
The data presented above highlighted the correlation between
larger TCR oligomers and increased sensitivity to antigenic stim-
ulation, in line with our previous observation that oligomeric TCR
complexes are preferentially activated in the presence of small
amounts of antigen (Schamel et al., 2005). To establish whether
a causal relationship exists, we searched for mutations in TCR
subunits that could disrupt the formation of TCR oligomers.
We focused our attention on CD3z, because earlier biophys-
ical data showed that peptides representing the transmembrane
domain of CD3z not only formed dimers, but also tetramers
(Torres et al., 2002). Indeed, two leucine residues at positions
9 and 19 (L9 and L19) were shown to be critical for tetramer
formation but not for dimer formation. The structure of the
transmembrane domain of the CD3z shows that it forms a
symmetrical dimer (reproduced in Figure 5A; Call et al., 2006).
Although the L9 residue points toward the center of the dimer
and it is implicated in interstrand interactions between the two
CD3z chains of the dimer, the L19 residue points outward, in
a position favorable to form potential contacts with a second
CD3z dimer.
CD3z chains carrying a single L9A or L19A mutation were
generated and transfected into the CD3z-deficient MA5.8 deriv-
ative of the murine T hybridoma 2B4, specific for a moth cyto-
chrome c (MCC)-derived peptide (Sussman et al., 1988). Pools
of cells expressing the L9A or L19A CD3z chains were analyzed
for their ability to express the TCR complex at the cell surface
(Figure 5B). MA5.8 cells transfected with L19A CD3z expressed
similar levels of the TCR at the cell surface as MA5.8 cells trans-
fected with wild-type CD3z or the parental 2B4 line. L9A CD3z
only partially reconstituted the cell-surface expression of the
TCR complex, consistent with the previously described effect
of this mutation on dimer formation (Call et al., 2006). Given
that the amount of TCR expressed at the cell surface could influ-
ence the distribution of the TCR and the sensitivity of T cells, we
focused only on the L19A mutant.
Immunoprecipitation and immunoblot experiments showed
that L19A CD3z formed homodimers and was able to assemble
with the other CD3 components to a similar extent as wild-type
Figure 3. TCR Oligomer Enrichment Correlates with Increased Antigen Sensitivity
(A) Phenotype and purity of naive and antigen-experienced OT-1 T cell populations.
(B) High-magnification images (100,0003) of cell-surface replicas of naive and previously stimulated OT-1 T cells labeled with anti-CD3ε (2C11); the scale bar
represents 100 nm.
(C) Quantification (mean ± SD) of gold particle distribution on naive (gray bars) and antigen-experienced (black bars) OT-1 T cells. The inset shows the statistical
analysis as in Figure 1A. Quantification of ten naive cells (3733 particles) and nine previously stimulated cells (2928 particles) is shown. Chi-square analysis of
clusters of one, two, three, four, or more gold particles/cluster; p < 0.0005.
(D) Expression of CD25 (upper panel) and IFN-g production (lower panel) by naive and antigen-experienced OT-1 T cells (open and black circles, respectively)
after overnight stimulation with OVAp. Data are representative of three experiments.
(E) Expression of CD69 (upper panel) and IFNg production (lower panel) by naive and antigen-experiencedOT-1 T cells (open and black circles, respectively) upon
stimulation with an H-2Kb-OVAp pentamer for 3 and 24 hr, respectively. Data represent the mean ± SD of triplicates and are representative of three experiments.
Statistically significant differences in (D) and (E) were determined via a two-tailed Student’s t test.
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Avidity Maturation in T CellsCD3z (Figure 5C). However, L19A CD3z transfectants expressed
significantly fewer and smaller oligomeric TCR complexes at the
cell surface than wild-type CD3z-expressing cells (Figure 5D).
L19A CD3z transfectants could respond to high concentrations
of antigen in vitro, indicating that the mutation did not perturb
TCR signaling per se, but they were less responsive than wild-
type CD3z transfectants, when measured in terms of CD69
induction and IFN-g production (Figure 5E). Equal responsive-
ness of wild-type and mutant cells to activation with PMA and
ionomycin confirmed that the defect in TCR-dependent signaling
in mutant cells was not caused by differences in signaling path-Imways downstream of the TCR (Figure 5F). Thus, oligomeric TCR
complexes endow T cells with greater sensitivity to antigen.
TCR Oligomers Increase the Sensitivity
of Antigen-Experienced Primary T Cells
In order to determine the relevance of oligomeric TCR
complexes in vivo, we generated lentiviral vectors encoding
wild-type or L19A CD3z-GFP fusion proteins (zWTgfp and
zL19Agfp, resp.). These fusion proteins recapitulated the proper-
ties of their counterparts without GFP when expressed in MA5.8
cells (Figure S3).We transduced bonemarrow cells isolated frommunity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc. 379
Figure 4. Antigen-Specific Memory T Cells Present Higher Sensitivity to Antigen and Further Skewing toward Larger Oligomeric TCR
Complexes after Reactivation
(A) Phenotype of OT-1 memory T cells generated in vivo. The top panel shows the proportion of CD45.2+CD8+ OT-1 memory T cells in superficial lymph nodes of
a C57BL/6 Ly5.1 Pep3b recipient. Overlays compare cell size and expression level of the molecules indicated on the CD45.2+CD8+ memory T cells (black lines)
and CD8+ T cells from a nonmanipulated OT-1 mouse (gray lines).
(B) Expression of CD25 and IFN-g production bymemory and naive OT-1 T cells (black and open circles, respectively) after 2 days of stimulation with H-2KbOVAp
tetramer. Statistically significant differences were determined via a two-tailed Student’s t test. Data represent the mean ± SD of triplicates and are representative
of three experiments.
(C) Quantification (mean ± SD) of gold particles on cell-surface replicas of naive and memory OT-1 T cell-derived lymphoblasts, stimulated and grown in vitro for
7 days (gray and black bars, respectively). The inset shows the statistical analysis as in Figure 1A. Quantification of anti-CD3ε labeling of replicas of seven naive
cells (4284 particles) and seven memory cells (5491 particles) is shown. Chi-square analysis as in Figure 1A; p < 0.0005. Data are representative for two inde-
pendent experiments.
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vectors or a GFP control vector, and reconstituted sublethally
irradiated C57BL/6 mice with the transduced bonemarrow cells.
Mice were sacrificed 6 weeks after reconstitution and the
capacity of the transduced bone marrow precursors to give
rise to thymic and peripheral T cells was assessed. zWTgfp
and zL19Agfp-expressing thymocytes differentiated similarly
into CD8 SP thymocytes, whereas GFP-expressing thymocytes
did not differentiate beyond the DP stage (Figure 6A). Consistent
with normal thymic differentiation, both zWTgfp and zL19Agfp-
expressing CD8+ OT-1 T cells were found in peripheral lymphoid
organs (Figure 6B). These cells had similar amounts of the TCR at
the cell surface, and their expression of CD69, CD25, CD28,
LFA-1, CD44, and CD62L was very similar to that observed on
control OT-1 T cells, indicating that they were naive, resting
T cells.
Ex vivo stimulation with graded amounts of the Kb-OVAp
tetramer showed that naive zWTgfp and zL19Agfp-expressing
T cells upregulated CD69 equally, but that the L19A expressing
T cells showed a somewhat reduced IFN-g response, especially
at low concentrations of tetramer (Figure 6C, left panels).
However, upon in vitro stimulation, expansion and restimulation
with tetramer, this difference in IFN-g production was much
more pronounced and coincided with a clearly reduced CD69
response (Figure 6C, right panels). The relative loss of sensitivity
coincided with a significant reduction in the number of oligo-
meric TCR complexes detected on the zL19Agfp-expressing
cells when compared to T cells reconstituted with the zWTgfp
chain (Figure 6D).380 Immunity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc.C57BL/6 Ly5.1 Pep3b mice reconstituted with zWTgfp or
zL19Agfp-transduced OT-1 Cd3z/ bone marrow cells were
immunized with a recombinant, nonreplicative vaccinia virus
encoding the OVA protein (MVA-OVA) (El-Gogo et al., 2007)
to generate OVA-specific memory T cells. Two months later
CD45.2+CD8+GFP+ T cells were enriched from these animals
and an equal number of these cells were adoptively transferred
to Cd3e/ mice (lacking endogenous T cells) that were subse-
quently challenged with MVA-OVA. After 9 days we tested the
in vivo cytotoxic capacity of the transferred memory T cells by
inoculating the Cd3e/mice with CFSE-labeled CD45.1+ target
cells loaded with different amounts of OVAp (Figure 6E). Control
Cd3e/ animals that had been immunized with MVA-OVA but
had not received any T cells showed that the observed lysis of
target cells in the other groups was dependent on the transferred
memory T cells. The zL19Agfp-expressing effector memory cells
were clearly impaired in their response, as compared to zWTgfp-
expressing T cells.
DISCUSSION
We show that antigen-experienced T cells have an increased
proportion of TCR complexes organized into larger oligomeric
TCR complexes, as compared to their naive counterparts. Unlike
the TCR microclusters that form upon ligation with pMHC
(Choudhuri and Dustin, 2010; Yokosuka and Saito, 2010), the
TCR clusters studied here pre-exist, independent of TCR
ligands, are of nanometer dimensions, and could therefore be
named TCR nanoclusters. We show that the increase in TCR
Figure 5. A Mutation in the Transmembrane Region of CD3z Impairs TCR Oligomerization
(A) Representation of the transmembrane region of the CD3z dimer, generated by PyMol, with the data set deposited in the Protein Data Bank (ID code 2HAC) by
Call et al. (2006). The a-helix forming backbone is shown as a cartoon diagram. The side chains of all amino acids implicated in tetramer formation are drawn as
lines, except for the L9 and L19 residues whose side chains are represented as sticks. The amino acid sequences of wild-type, L9A, and L19A CD3z are shown
below. Residues important for in vitro tetramer formation (Torres et al., 2002) are highlighted in black type.
(B) Flow cytometric measurement of CD3ε surface expression by 2B4 cells, and MA5.8 cells either mock-transfected or transfected with wild-type, L9A, or
L19A CD3z.
(C) Assembly of wild-type or L19A CD3z chains within the TCR complex. Whole lysates or immunoprecipates with the indicated antibodies of cells lysed in Brij96
were run on nonreducing SDS gels, and immunoblots were probed with the antibodies indicated.
(D) Quantification (mean ± SD) of gold cluster distribution on anti-CD3ε-labeled MA5.8 cells reconstituted with wild-type CD3z (black bars) or L19A CD3z
(gray bars). The inset shows the statistical analysis as in Figure 1A. Quantification of replicas of 15 WT CD3z-reconstituted cells (12041 particles) and 21 L19A
CD3z-reconstituted cells (8348 particles) is shown. Chi-square analysis as in Figure 1A; p < 0.0005.
(E) Cell-surface expression of CD69 (upper panel) and IFN-g production (lower panel) by wild-type (black circles) or L19ACD3z (open circles) reconstitutedMA5.8
cells after overnight stimulation with MCCp. Statistically significant differences were determined via a two-tailed Student’s t test.
(F) Induction of CD69 upon stimulation for 6 hr with 10 ng/ml PMA and 1 mM ionomycin. Data in (E) and (F) represent the mean ± SD of triplicates and are
representative of two experiments.
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Avidity Maturation in T Cellsoligomer size is correlated with a greater sensitivity toward
antigenic stimulation, suggesting that the reorganization of the
TCR complexes is a mechanism by which effector and memory
T cells acquire their increased antigen sensitivity. We provide
genetic evidence of the importance of oligomeric TCR com-
plexes in the sensitivity of T cell lines and antigen-experienced
and memory T cells in vitro and in vivo.ImBecause of its inefficiency, our gold labeling procedure cannot
be used to provide accurate estimates of the absolute size of
TCR oligomers. However, it can be used in a comparative
manner. Thus we can conclude that activation and differentiation
into memory T cells is accompanied by enrichment in TCR
nanoclusters, but we cannot conclude that the observed pre-
ponderance of clusters of one or two gold particles on naivemunity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc. 381
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present in a monomeric or dimeric state. Our functional data
on the IFN-g response of naive L19A CD3z expressing OT-1
T cells show some reduction in antigen sensitivity as compared
to the WT cells. This indicates that either the small percentage
of larger TCR oligomers that we detect by the gold labeling
on naive T cells are quantitatively important at low concentra-
tions of antigen and/or that our labeling method underesti-
mates the size of the TCR oligomers on naive T cells. It would
also suggest that the induction of the IFNg response requires
stronger signals than the CD69 response. In this regard, TCR
oligomers could serve to provide a stronger signal because
they may amplify TCR signals (Martı´nez-Martı´n et al., 2009;
Schamel et al., 2006).
Our studies on double TCR-transgenic mice, using FRET,
comodulation and coprecipitation techniques, showed that
TCRs of different antigen specificity are physically associated
(Ferna´ndez-Miguel et al., 1999). BN-PAGE and immuno-gold
EM analysis indicated that the TCR is expressed as a mixture
of oligomers of different size in nonstimulated resting T cells,
ranging from single complexes to clusters of 20 or more TCR
complexes (Schamel et al., 2005). Analysis of membrane sheets
by EM has shown that many membrane receptors are nonran-
domly associated, forming ‘‘protein islands’’ supported by
cholesterol and the underlying cytoskeleton (Lillemeier et al.,
2006). The TCR is one such receptor, as demonstrated in addi-
tion by two high-resolution confocal microscopy techniques
(Lillemeier et al., 2010). The oligomeric TCR complexes we
observe are unlikely induced by our antibody labeling method,
given a panel of controls shown previously (Schamel et al.,
2005) and in this paper: cells are fixed with aldehydes before
labeling with antibodies; the complexes can be detected by anti-
bodies specific for different chains of the TCR complex; deple-
tion of cholesterol before fixing and labeling with antibodies
disrupts TCR oligomers; the size of the TCR oligomers differs
between naive and antigen-experienced T cells, even when
detected with the same antibody; the change in oligomeric
TCR size can also be detected by an independent method,
BN-PAGE; a single genetic mutation can impair oligomeric
TCR formation. Hence our data, along with studies using alterna-
tive techniques (Lillemeier et al., 2010), show that the TCR is
expressed as pre-existing oligomers before the T cell is engaged
by its MHCp ligand. Furthermore, the effect of the L19AmutationFigure 6. The Role of Oligomeric TCR Complexes In Vivo
(A) Differentiation capacity of thymocytes from OT-1 Cd3z/ bone marrow prec
(B) Expression of the zL19Agfp chain permits the generation of naive OT-1 CD8+ T
OT-1 mice (shaded histogram) and Va2+GFP+ cells from zWTgfp (dashed black
(C) Functional analysis of zWTgfp- (black circles) and zL19Agfp- (open circles) e
expansion in presence of IL2 (right panels). Cells were (re-)stimulated overnight
panels) were measured by flow cytometry. Statistically significant differences w
triplicates and are representative of seven independent reconstitutions and two
(D) Quantification (mean ± SD) of gold distribution on the cell surface of anti-CD3ε
bars) CD3z-GFP chains. The inset shows the statistical analysis as in Figure 1A.
seven L19A CD3z-GFP reconstituted cells (4257 particles) is shown. Chi-square
shown; p < 0.0005.
(E) In vivo cytotoxicity assays. The two left columns show the presence of the tra
detected in these mice are GFP+ and Va2+. Histograms show the relative distribut
mean ± SD of the cytotoxic responses in three mice that received wild-type CD3
expressing T cells (open circles). Statistically significant differences were determin
Imon sensitivity of antigen-experienced T cells suggests that the
TCR is functionally multivalent in this population.
Recent findings on TCR-MHCp ligand interactions could be
consistent with the existence of pre-activation TCR oligomers.
The on-rate of TCR-MHCp binding observed by FRET in vivo
between T cells and APC membranes is increased by 100-fold
as compared to the TCR-MHCp on-rate in solution (Huppa
et al., 2010). This suggests cooperativity in binding between
TCRs, which could be achieved by their organization in TCR olig-
omers in protein islands. Micropipette adhesion frequency
assays used to measure TCR-MHCp interactions showed not
only a similar increase in TCR-MHCp on rate (Huang et al.,
2010), but also showed that interaction events clustered in
time, meaning that the probability of interaction was higher
when an interaction had occurred in the immediately previous
cycle of this assay (Zarnitsyna et al., 2007). One possible expla-
nation for this effect could be that such clusters of interaction
represent sequential interaction of the individual TCRs
complexes within a TCR oligomer with the single MHCp ligand
on the opposing membrane.
The increase in the size of oligomeric TCR complexes during
the transition from naive to antigen-experienced T cells is
a cell-inherent process that takes several days. This redistribu-
tion is maintained in the absence of antigen or continued contact
with APCs, given that the oligomeric TCR complexes can be
detected on T cells that have been maintained in single-cell
suspensions. It is dependent on the presence of cholesterol
in the membrane because both oligomeric TCR complexes
(Schamel et al., 2005) and strong MHC-binding (Drake and
Braciale, 2001; Fahmy et al., 2001; Uhlin et al., 2003) are lost in
cells exposed to methyl-b-cyclodextrin. An increase in mem-
brane-associated cholesterol in antigen-experienced T cells
could be important for permitting the generation of larger TCR
oligomers. Such lipid changes do occur upon stimulation of
T cells with TCR antibodies and are stably acquired by memory
T cells in vivo (Kersh et al., 2003; Tani-ichi et al., 2005). Changes
in the lipid composition of the membrane would also explain why
the increase in the size of TCR oligomers takes several days (see
Figure 1D). In addition, the effect of the L19A mutation suggests
an alternative, although not excluding, role for protein-protein
interactions in the formation of TCR oligomers. The outward
position of the L19 residue in the transmembrane domain of
CD3z (Call et al., 2006), and its role in the formation of CD3zursors transduced with the indicated constructs.
cells. Overlay plots show expression of themolecules indicated on Va2+ cells of
line) and zL19Agfp (gray line) reconstituted animals.
xpressing T cells directly ex vivo (left panels) or after previous stimulation and
with Kb-OVA tetramers and CD69 (top panels) and IFN-g production (bottom
ere determined via a two-tailed Student’s t test. Data are the mean ± SD of
to six functional experiments.
-labeled antigen-experienced T cells expressing WT (black bars) or L19A (gray
Quantification of seven WT CD3z-GFP reconstituted cells (3137 particles) and
analysis of one, two, three, four, five, six or more gold particles per cluster is
nsferred memory T cells in the CD3ε-deficient mice. Note that all CD8+ T cells
ion of target cells in the control and experimental groups. The graph shows the
z-expressing T cells (black circles) and in two mice that received L19A CD3z-
ed via a two-tailed Student’s t test. Data are representative of two experiments.
munity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc. 383
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mutation disrupts the interaction between neighboring TCR
complexes. Accordingly, the CD3z transmembrane domain
would be part of the TCR-TCR interaction surfaces. In this
regard, the effect of Ca mutants on the dimerization of TCRa/
TCRb chimeras containing the signaling cytoplasmic tail of the
erythropoietin receptor (Kuhns et al., 2010) indicates that the C
and F strands of Ca could be part of the same interaction site,
or constitute independent interaction sites. The symmetry of
the CD3z transmembrane domain would by itself permit a repeti-
tion of this interaction, leading to the formation of TCR oligomers.
Finally, it could be that each TCR complex contains one CD3z
homodimer or, again given its symmetry, that the homodimer
is shared by two adjacent TCRs in an oligomer. According to
this hypothesis, the level of CD3z expression would control
TCR oligomerization in such manner that an excess of CD3z
would favor monomeric TCRs, whereas if CD3z is limiting the
TCRs would tend to share CD3z and form oligomers. Cd3z
gene transcription and translation are decreased upon activation
of T cells (Tenbrock et al., 2005), and this could change the ratio
between CD3z and the other TCR components. Therefore, an
increase in plasma membrane cholesterol content and/or
reduced transcription of CD3z could be mechanisms that regu-
late TCR oligomerization during naive-memory T cell transition.
Howmight oligomeric TCRs increase the sensitivity of T cells?
T cell activation is dependent on the interaction with multivalent
MHCp ligands (Boniface et al., 1998; Cochran et al., 2000),
which induces a structural rearrangement in the TCR complex
required for signaling (Minguet et al., 2007). MHC molecules on
the cell surface of APCs can form clusters that may even be
enriched for particular antigenic peptides (Anderson et al.,
2000; Kropshofer et al., 2002). However, stimulation by adjacent
MHC molecules presenting identical antigenic peptides is not
absolutely required for T cell activation because soluble bivalent
MHC complexes presenting one antigenic peptide in combina-
tion with another unrelated peptide can stimulate T cells (Krogs-
gaard et al., 2005). Thus, a MHCp cluster in which at least one of
the bound peptides is an agonist for the TCR of the interacting
T cell could activate this cell. TCR oligomers would enhance
the avidity for such multimeric MHCp, which would be especially
critical if an agonist peptide is presented next to low-affinity self-
peptides. In addition, TCR oligomers could allow spreading of
TCR activation from the agonistic MHCp-engaged TCR to the
adjacent ones. For example, this could be mediated via lateral
ITAM phosphorylation within the TCR oligomer by agonist
MHCp-dependent Lck recruitment. Alternatively, the TCR itself
could cause lateral spreading. Conformational changes transmit
information on ligand binding to the cytoplasmic tails of the CD3
signaling subunits (Gil et al., 2002). Hence, TCR oligomers could
facilitate signal spreading by permitting the transmission of the
active conformation from agonist MHCp-contacted TCRs to
others within the same oligomer (Schamel et al., 2006). Such
a cooperative effect was recently demonstrated by expressing
a conformational inactive mutant of CD3ε in T cells that have
an excess of endogenous wild-type CD3ε (Martı´nez-Martı´n
et al., 2009). The conformational inactive mutant prevents the
active conformation from being adopted by the TCRs containing
wild-type CD3ε. Therefore, in addition to higher avidity for
antigen derived from the multivalency of the TCR oligomers,384 Immunity 35, 375–387, September 23, 2011 ª2011 Elsevier Inc.the organization of the TCR into oligomers would facilitate
extensive cooperativity between agonist MHCp-engaged TCRs
and TCRs engaged by self-peptide/MHC complexes. Accord-
ingly, previously activated and memory T cells would have
greater antigen sensitivity than naive T cells because more
and larger TCR oligomers would increase the chance of a multi-
valent TCR-MHC interaction and permit more extensive signal
spreading.
Our data show that the extent of antigen-independent
TCR oligomerization increases in the transition from naive to
antigen-experienced T cells and that this oligomerization
provides antigen-experienced T cells with greater sensitivity.
Future studies should focus on the molecular mechanisms of
TCR oligomer formation and enrichment, providing a potential
tool to strengthen or weaken T cell responses at will.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 mice, Cd3z/ mice (Love et al., 1993), Cd3e/ mice (DeJarnette
et al., 1998), OT-1 mice (Hogquist et al., 1994), and C57BL/6 Ly5.1 Pep3b
(CD45.1+) mice (kindly provided by C. Ardavin, Centro Nacional de Biotecno-
logı´a, Madrid) were maintained under SPF conditions at the animal facility of
the ‘‘Centro de Biologı´a Molecular Severo Ochoa’’ in accordance with current
national and European guidelines. All animal procedureswere approved by the
ethical committee of the ‘‘Consejo Superior de Investigaciones Cientı´ficas.’’
T Cell Purification and Culture
Human PBLs, obtained via density centrifugation of whole blood, were grown
for 2 days in RPMI with 10% FCS, Pen/Strep and glutamine (RPMI-10), and
PHA (2 mg/ml). Cultures were washed and expanded in RPMI-10 with IL2 for
5–9 days. More than 90% of the cells in these cultures were T cells. Fresh
human T cells were enriched to >80% purity from whole blood by density
centrifugation, panning of macrophages and monocytes, and depletion of
B cells through nylon wool columns. Murine CD4+ CD44hiCD62Llo and
CD62LhiCD44lo T cells were enriched from spleen and lymph nodes of
C57BL/6 mice with mouse CD4 memory and naive T cell enrichment kits
(R&D Systems). Naive OT-1 T cells were enriched from lymph nodes by
depleting CD4+ and CD24+ cells with magnetic beads (Invitrogen Dynal
Beads). Antigen-experienced OT-1 T cells were generated by stimulating
spleen cells of OT-1 mice with 10 pM of OVAp (SIINFEKL) and 0.5 mg/ml
anti-CD28 (BD PharMingen) in RPMI-10. After 2 days, the cells were washed
and cultured for 6 more days in fresh RPMI-10 supplemented with recombi-
nant IL2.
Immunogold Labeling, Replica Preparation, and EM Analysis
Immunogold labeled cell surface replicas were obtained as described previ-
ously (Pinto da Silva and Kan, 1984; Schamel et al., 2005) and detailed in
the supplemental materials and methods. Gold particles were either directly
counted in the EM at 25,0003 magnification or nine overlapping photos of
each cell replica (taken at 10,0003 magnification) were merged into a single
image with TVIPS software (TVIPS, Gauting, Germany) and gold particles
were counted on a PC. Particles were counted as part of a cluster if the
distance to the next gold particle was less than the diameter (10 nm) of the
gold particles, taking into account that the diameter of the TCR-CD3 complex
is estimated to be between 12 and 18 nm (Arechaga et al., 2010; Sun et al.,
2004). The Student’s t test was used for determining statistically significant
differences in the percentage of gold particles in clusters of a given size, as
indicated in the figure legends. The chi-square test was applied to test statis-
tically significant differences in overall distribution of gold particles, as indi-
cated in the figure legends.
BN-PAGE, IP, SDS-PAGE, and Immunoblotting
Preparation of membrane fractions and BN PAGE were performed as
described (Schamel et al., 2005; Swamy et al., 2006). IP, SDS-PAGE, and
Immunity
Avidity Maturation in T Cellsimmunoblotting were performed in accordance to standard protocols. The
anti-CD3z serum has been described (San Jose´ et al., 1998). The anti-CD3ε
mAb M-20 was purchased from Santa Cruz.
Generation of Mutated CD3z Chain Constructs
The L9A and L19A mutants of CD3z and GFP-fusion constructs were gener-
ated by standard procedures as detailed in the Supplemental Experimental
Procedures. The lentiviral expression vector pHRSIN-CSGW-dlNotI was kindly
provided by J.A. Pintor, CABIMER-CSIC, Sevilla.
Bone Marrow Reconstitution
Total bone marrow cells or Lin -enriched hematopoietic precursors were
obtained from femurs from 8-10 weeks old OT-1 Cd3z/ mice inoculated
two days before with 150 mg/kg fluoracil. Lentiviral particles production and
transduction of hematopoietic precursors were performed as described
(Martı´nez-Martı´n et al., 2009). Transduced cells were injected into sub-
lethally irradiated (6 Gy) C57BL/6 or C57BL/6 Ly5.1 Pep3b recipient mice
(1 to 53 106 cells/mouse). Recipient mice were kept on drinking water supple-
mentedwith tetracycline (200 mg/ml, Sigma) for 6–8weeks before sacrifice and
analysis.
T Cell Stimulation
All stimulation assays were performed in RPMI-10 supplemented with sodium
pyruvate (0.01% w/v) and b-mercapto-ethanol (10 mM). OT-1 T cells were
stimulated with OVAp (SIINFEKL)-loaded, thioglycolate-induced primary
macrophages from C57BL/6 mice or with KbOVAp pentamers (ProImmune)
or KbOVAp tetramers (Daniels and Jameson, 2000). MA5.8 cells were stimu-
lated in flat-bottom plates with I-Ek- and CD80-transfected DCEK fibroblasts
(Ronchese et al., 1987) loaded with MCCp (ANERADLIAYLKQATK). PMA
and ionomycin were used at a final concentration of 10 ng/ml and 1 mM,
respectively.
In Vivo Cytotoxicity Assays
Wild-type and L19A mutant OT-1 memory T cells, generated via immunization
of reconstituted C57BL/6 Ly5.1 Pep3b mice with 1 3 107 PFU MVA-OVA
(El-Gogo et al., 2007), were enriched by first depleting CD4+ and CD19+ cells
and then depleting the remaining CD45.1+ cells, and subsequently, equal
numbers of wild-type and mutant CD8+ T cells into Cd3e/ mice immunized
with 13 107 PFUMVA-OVA were transferred. Nine days later, a mixture of 13
107 CD45.1+ spleen cells, labeled with 4, 0.8, 0.016 or 0.0032 mM CFDA-SE
and loaded with 0, 1000, 100 or 10 nM OVAp, respectively, were injected i.v.
into these mice. The next morning spleens were isolated and analyzed via
flow cytometry. Specific killing was calculated using the formula:
100
  
%CFSE OVAp½xexp
%CFSE OVAp½0exp
!
3
  
%CFSE OVAp½0ctrl
%CFSE OVAp½xctrl
!
3 100
!!
:
Flow Cytometry
Cells were preincubated with the anti-CD16/32-specific mAb 2.4G2 in PBS,
1% BSA, and 0.02% sodium azide before labeling with saturating amounts
of the indicated fluorochrome-labeled or biotinylated mAbs and, where appli-
cable, fluorochrome-labeled streptavidin (reagents purchased from BD Phar-
Mingen, eBioscience, Immunotools, andMiltenyi). For detection of intracellular
IFN-g, Brefeldin A was added 4 hr before the end of the culture. Cells were
surface-stained, fixed, and permeabilized with a commercial kit (BD PharMin-
gen) and stained with an anti-murine IFNg mAb. Labeled cells were acquired
on FACSCalibur or FACSCanto II flow cytometers (Becton Dickinson) and
the data analyzed with FlowJo software (TreeStar).SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.immuni.2011.08.010.ImACKNOWLEDGMENTS
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